When stationary phase cells of the dimorphic yeast Candida albicans are diluted into fresh medium at pH 4.5 (low pH), they synchronously form ellipsoidal buds, but when diluted into the same medium at pH 6.7 (high pH), they synchronously form elongate mycelia. Using a perfusion chamber to monitor single cells, we have compared the rates of volume growth between budding and mycelium-forming cells. Results are presented which demonstrate that : (1) after release from stationary phase into medium of low or high pH, each original sphere grows in volume to the time of initial evagination, but does not grow subsequently;
INTRODUCTION
The dimorphic yeast Candida albicans is capable of growth in either a budding yeast form or a mycelial form (Odds, 1979; Soll, 1983, 19840, b, c) . Transitions between the two are easily effected in vitro by simple manipulations of growth rate (Soll & Herman, 1983) , pH (Buffo et al., 1984) , and/or temperature (Lee et al., 1975; Chaffin & Sogin, 1976; Buffo et al., 1984) . In infected tissues, transitions between the two forms clearly take place (Odds, 1979) and appear to play a role in the invasion process. However, the physiological changes basic to transitions in vim remain unclear.
Recently, a simple method was developed for inducing synchronous bud or mycelium formation using homogeneous populations of stationary phase cells (Soll et al., 1981 b; Buffo et af., 1984) . In this method, stationary phase cells, which accumulate as singlets in the G 1 phase of the cell cycle , are released into fresh medium at 37 "C and pH 4.5 to stimulate bud formation and into the same fresh medium at 37 "C but at pH 6.7 to stimulate mycelium formation. This method affords an unusual degree of temporal parallelism for the major physiological events accompanying outgrowth in the diverging populations, which is a requisite for any rigorous comparison of the molecular events involved in the establishment of alternative phenotypes (Soll, 1984a) . Since pH is the single environmental variable determining the expression of alternative phenotypes, this method has been used to compare (1) the kinetics of evagination (Buffo et al., 1984) , (2) the kinetics of nuclear migration and division (Soll et al., , 1981 1980) , (3) the timing of phenotypic commitment (Mitchell & Soll, 1979a) , (4) the programmes of RNA and protein synthesis (Brurnmel & Soll, 1982 ; J. Anderson & D. R. Soll, unpublished observations; R. Finney & D. R. Soll, unpublished observations), ( 5 ) the timing of DNA replication (Soll et al., 1981b) , and (6) the kinetics of filament ring and septum formation (Mitchell & Soll, 19796; Soll & Mitchell, 1983) . What has been most remarkable about the results so far obtained is not the differences, but rather the preponderance of similarities between the diverging populations (see discussion in . This has led to models for the regulation of alternative phenotypes which are based upon subtle temporal and spatial differences in ultrastructural events rather than upon dramatic qualitative differences in basic physiology or in the expression of structural genes (Soll & Mitchell, 1983; Soll, 19840) .
Perhaps the most fundamental difference between diverging populations is the shape of the daughter cell. In the processof bud formation, the mother cell forms an initial evagination which expands rapidly into a mature ellipsoidal daughter cell. Growth is continued by subsequent evagination of both original mother cell and mature daughter cell. Evaginations again expand into mature ellipsoidal daughter cells. In the process of mycelium formation, the mother cell forms an initial evagination which elongates into a germ tube or mycelium. In contrast to budding cells, there is no distinct constriction at the junction of mother cell and incipient tube and the growing mycelium is elongate rather than ellipsoidal, exhibiting a tube diameter roughly one-third that of the mother cell. Unlike the daughter bud, the daughter tube grows apically (Braun & Calderone, 1978; Mitchell & Soll, 1979b) and continuously (Wain et al., 1976; Soll et al., 1981 b; Gow & Gooday, 1982) ; no secondary evaginations form on the mother cell and tube under rigorously controlled conditions (Mitchell & Soll, 1979a) , and no cell separation occurs normally at septa1 junctions.
The differences in daughter cell shape and volume growth must be examined at a more molecular level if the mechanisms regulating alternative phenotypes in this system are to be fully understood. However, before such an undertaking, one must first fully describe and compare the spatial and temporal dynamics of volume growth in the alternative phenotypes. Using a perfusion chamber and a video cassette recorder (Soll & Herman, 1983) , we have continuously monitored bud and mycelium formation by individual cells, under the regime of pH-regulated dimorphism. Besides quantitatively assessing the spatial and temporal characteristics of bud and mycelium formation for individual cells under conditions which support evagination and growth at the same rates obtained in mass cultures, we have found, to our surprise, that the average rates of volume growth of the initial bud and the initial mycelium are identical. The implications of this finding to wall deposition and the regulation of alternative phenotypes are discussed .
METHODS

tiroic.rh ofsfock cii/turt~s.
Strain 31 53A of Carididu alhicutrs was used in all studies. Methods for maintaining stock cultures have been previously described in detail Soll ut a/., 1978; Bedell ut uf., 1980) . For experimental purposes. cells from an agar slant culture were streaked out to single colonies on agar, then inoculated into 25 ml defined medium (Lee et a/.. 1975) supplemented with 70 pg arginine ml-in a 125 ml plastic Erlenmeyer flask itnd rotated at 700 r.p.m. at 25 'C. Cells were serially grown twice, then tested for normal growth itpd development parameters before being used in an experiment. lttcirit~riotr of ~~~trchrotroics bird or mjrrliiwi fiwniutiotr iti tiiuss culture. The met hod of pH-regulated dimorphism has been described in detail elsewhere(Bedel1 &Soll. 1979; Mitchell & Soll, 1 9 7 9~; Sollet a/., 1981 h: Brummel & Soll. 1982 Buffo et al., 1984) . In brief, cells were grown in defined medium to stationary phase at 25 "C, maintained in stationary phase for 24 to48 h. then resuspended in fresh medium at 37 "Cat 1 x lo7 spheres mi-I . If the medium was at pH 4.5, cells synchronously formed buds, and if at pH 6-7, cells synchronously formed mycelia.
Mi~irItoritig huti or nij,cdiuni ii)rtiitiriotr itt ti prrfrtsiotr c h d~~ bj. ricieo ntia1j.si.y. In a previous report (Soll & Herman. 1983) . we described in detail the perfusion chamber and accessory equipment for video analysis. Cells were grown in defined medium to stationary phase at 25 C. maintained in stationary phase for 24 to 48 h. then inoculated into the perfusion chamber and perfused with fresh aerated medium at 37 "C and pH 4.5 to induce bud formation or pH 6.7 to induce mycelium formation. Cells adhered tightly to the side of the chamber coated with polylysine. and formed buds and mycelia at the same average rates observed in parallel mass cultures (Soll & Herman. 1983) .
.ZJ~vi\irrc.t~ic~tir.\ oI i d r t t ? i c , groii,rh. Video recordings of cells at different time points were copied from the calibrated monitor screen onto plastic overlitys. The overlays were then measured with a digitizer (Laboratory Computer Systems, Inc., Cambridge, Mass., U.S.A.) connected to an IBM personal computer programmed for rapid calculation of volume parameters. Bud volumes were calculated by using the equation for an ellipsoid: In both cases, stationary phase cells were inoculated into a perfusion chamber and immediately perfused with fresh medium at 37 "C and at the respective pH values. An individual cell was continuously monitored by video analysis. At the noted times, tracings were made of the cell on clear plastic sheets laid over the video monitor screen. The original cell at 20 min in (a) had a volume of 38 pm3, and the original cell at 20 rnin in (b) had a volume of 27 pm3. In the particular cells picked for these tracings, the cell in (a) evaginated at roughly 135 min and the cell in (b) at roughly 150 min. M, mother cell; B1, first bud on mother cell; B2, second bud on mother cell; B3, third bud on mother cell; B1-1, first bud on B1. The budding cell in (a) was the same used for the kinetic analysis in Fig. 2 (6) . The mycelium-forming cell in (b) was the same used for kinetic analysis in Fig. 3 (b) .
R E S U L T S
General characteristics ojbud and mycelium Jormation in a perfusion chamber.
As we previously demonstrated (Sol1 & Herman, 1983), stationary phase cells inoculated into a perfusion chamber and perfused with fresh aerated medium at 37°C evaginate with kinetics similar to those observed in mass culture. When perfused with fresh aerated medium at pH 4.5, cells synchronously formed evaginations after an average lag period of 138 rnin (Table 1 a). Each evagination expanded into an ellipsoidal bud. The mother cell and then the daughter cell evaginated, and the evaginations again expanded into ellipsoidal buds. Tracings of a representative budding cell adhering to the polylysine-treated side of a perfusion chamber are presented at different time points in Fig. 1 (a) .
When perfused with fresh aerated medium at pH 6.7, cells synchronously formed evaginations after an average lag period of 164 min (Table 3 ). Each evagination elongated into a tubular mycelium. N o secondary evaginations appeared even after 270 rnin growth. Tracings of a representative cell forming a mycelium while adhering to the polylysine-treated side of a perfusion chamber are presented in Fig. 1 (b) . In this particular cell, a septum appeared along the mycelium separating mycelial compartments at roughly 240 min.
Therefore, adherence to a polylysine-coated glass wall of a perfusion chamber, repetitive bursts of light used in video analysis and constant perfusion of fresh medium did not significantly affect normal bud or mycelium formation under the regime of pH-regulated dimorphism .
Timing of'bud.formation. Tables 1 and 2 show the timing and volume parameters for eight individually monitored budding cells; in Fig. 1 ( a ) tracings of a representative budding cell are presented for various times after release from stationary phase; and in Fig. 2(a, b) (6) represent two individual cells which were continuously monitored by video analysis. MC, mother cell volume; B1, volume of first bud on mother cell; B2, volume of second bud on mother cell; B3, volume of third bud on mother cell; B1-1, volume of first bud on B1; T, summed volume of all cells in the clone. * Cells 7 and 8 were unusually small and exhibited lag periods prior to mother cell growth. However, after these lag periods of roughly 100 min, subsequent kinetics were similar to those of larger cells. Therefore, time zero was considered to be the end of the lag period, and actual times are presented in parentheses.
(B2) after an average period of 214 rnin and the third (B3) after an average period of 270 rnin (Table 1 a) . The initial pre-evagination period of I38 rnin was longer than the intervals between B1 and B2 and between B2 and B3, which were 76 and 64min, respectively. This is not surprising since it was previously demonstrated that a lag period of roughly 50 rnin precedes the onset of protein synthesis after release from stationary phase (Brummel & Soll, 1982) . If one subtracts this lag period from the average pre-evagination period, one obtains a difference of approximately 78 min, very close to the subsequent interval times between successive buddings.
The first bud (Bl) on the mother cell in turn evaginated (Bl-1) at an average time of 233 min (Table 1 b), 95 min after initial emergence of B1. It is interesting to note that B1-1 emerged in every individual case after B2 had emerged on the mother cell. The average interval between the emergence of B2 and the emergence of B1-1 was 19 min (Table 1 
b).
Mother cell growth prior to bud emergence. The average mother cell volume at the time of release into fresh medium at pH 4.5 was 25 pm3 (Table 2a ). At the time of initial bud emergence (Bl), it was 44 pm3. Therefore, mother cells increased an average of 19 pm3 during the preevagination period. The percentage increase of mother cell volume appeared to be greater for smaller than for larger cells. For instance, the two smallest cells, originally 9 and 11 pm3, increased to 31 and 33 pm3, respectively; increases of roughly 175 and 264% (Table 2a ). In contrast, the two largest cells, originally 38 and 34 pm3, increased to 64 and 50 pm3 ; increases of roughly 68 and 48%, respectively ( Table 2a ). The average rate of growth was roughly 0.19 pm3 min-Very little difference in growth rate was observed between very small and very large mother cells (Table 2) . However, lag periods preceded the onset of growth for the two smallest cells monitored (see cells 7 and 8 in Table la) .
Virtually no further increase in mother cell volume was observed after B1 emergence. In addition, mother cell volumes were greater than the initial plateau volumes of B1, B2 or B1-1 (Table 2a, b; Fig. 2a, b ). It should be noted that mother cells stopped growing on average 10 min prior to the first visible sign of evagination (Table la) . Budgrowth. The first bud (Bl) which formed on the mother cell grew for an average period of 73 min. At the approximate time of B2 emergence, B1 stopped growing. B1 stopped growing on average 23 min prior to B1-1 emergence. The average rate of Bl volume growth was 0.36 pm3 min-I , roughly twice the average rate of mother cell growth ( Table 2 ). The final average volume of B1 was 26 pm3. B1 volumes were extremely homogeneous, as indicated by the low SD of 3.
M . A . H E R M A N
The average rate of B2 volume growth was 0.51 pm3 minl (Table 2b) , roughly 1.4 times the rate of B1 volume growth and roughly 2-7 times the rate of mother cell volume growth. For a more limited data set, the average final volume of B2 was 23 pm3, close to that of B1 (Table 2b) .
Total rolume growth of budding clones. The rate of total volume growth (including mother cell plus all daughter buds in a single clone) was the same as the rate of mother cell volume growth prior to the time of B 1 emergence. After B 1 emergence, this rate increased slightly, and after B2 and B 1 -1 emergence, it increased dramatically. One hour after B1 emergence, the average rate of total volume growth was roughly 0.44 pm3 min-; 100 rnin after B1 emergence, it was roughly 0.83 um3 rnin -* (Table 3) . As multiple budding continued, this rate increased exponentially (data not shown). The early changes in total volume growth can be visualized in the data for individual clones in Fig. 2(a, 6) .
Timing qf'm!.~celium.formation. The timing and volume parameters for 8 individually monitored mycelium-forming cells are presented in Tables 3 and 4. In Fig. 1 (b) tracings of a representative cell are presented at various times after release from stationary phase, and in Fig. 3(a, b ) the volumes for two individual mother cells and daughter mycelia are plotted as functions of time. The first evagination formed on mother cells (M) after an average period of 164 min. After an average period of 213 min a slight constriction was visible along the mycelium and after an average period of 231 min a distinct septum was visible at the point of constriction (Fig. 1 b : Table 3 ). The average interval between emergence and constriction was 49 rnin and between emergence and visible septum 68 rnin (Table 3) .
Mother cellgrowth at high p H . The average mother cell volume at the time of release into fresh medium at pH 6-7 was 29 pm3 (Table 4 ). At the time of initial evagination it was 44 pm3, exactly the same average volume for cells at low pH (compare Tables 2a and 4a) . At roughly the time of evagination, mother cell growth ceased (Fig. 3a, b) . The average rate of mother cell growth prior to evagination was 0.17 pm3 min-I, similar to the rate of 0.19 pm3 min-observed at low pH (compare Tables 20 and 4a). emergence, as has been previously reported (Wain et al., 1976; Gow & Gooday, 1982 ; Sol1 et al., 1981 6) . This is evident both in length and volume measurements (Fig. 3a, b; Fig. 26) . Mycelia elongated at a constant average rate of 0.16 pm min-over the period of 150 to 300 rnin (Fig. 3a,  b ; Table 4 ). Mycelial volume growth began at a low average rate at 150 min and increased to a maximum average rate of 0-37 pm3 min-by approximately 175 rnin (see initial kinetics of mycelial volume growth in Fig. 3a, b ; Table 4 ).
Total uolume growth of mycelium-forming clones. Again the rate of total volume growth was the same as the rate of mother cell volume growth prior to evagination. Just after evagination, this Table 5 
. Comparison of rates of total colume increase for budding and mycelium-forming cells
Rate of total vol. increase (pm3 min-I) of mycelium-forming cells :
Rate of total vol. increase (pm3 min-') of budding cells:
60 mtn after 100 min after 60 min after 100 min after cell no. rate increased dramatically from an average of 0.17 pm3 min-' to 0-41 pm3 min-I (Table 5 ; Fig. 3a, b) . In contrast to a budding clone, the rate of total volume growth remained constant between 175 and 300 min for a mycelium-forming clone.
DISCUSSION
In the present study, we have compared the kinetics of volume growth for single cells forming either buds or mycelia in a perfusion chamber recently developed for this purpose (Soll & Herman, 1983) . We have used the regime of pH-regulated dimorphism (Buffo et al., 1984) since it has been demonstrated to afford the most comparable conditions for biochemical studies of the alternative phenotypes (for reviews, see Soll, 1983 Soll, , 1984a . The results so far obtained using this method of phenotypic regulation have demonstrated an unusual degree of similarity in the physiological and cytological changes, as well as the programmes of protein synthesis, which accompany outgrowth in the two growth forms. Therefore, the alternative shapes and patterns of volume growth remain the most distinctive differences. Unfortunately, very little is known about the mechanisms which regulate volume growth. Only a few attempts have been made to map the growth zones of a budding yeast using autoradiographic techniques (e.g. Farkas er al., 1974), but the resolution has not been adequate to unambiguously develop an accurate kinetic view of wall expansion. On the other hand, the localized nature of mycelial growth has allowed a more definitive description of apical elongation (e.g. Braun & Calderone, 1978) .
We have first demonstrated that when stationary phase cells are released into fresh medium at 37 "C and at either low pH to induce bud formation or high pH to induce mycelium formation, their volumes grow continuously to the time of evagination. However, after initial evagination there is relatively little subsequent volume growth of the mother cell. Mother cells grow to volumes which exceed those of their biggest mature buds. This unusual size may be due to the interrupted growth history of these original cells. It must be remembered that in the regime of pH-regulated dimorphism, the original cell population is allowed to first enter stationary phase due to zinc depletion of the medium (Bedell & Soll, 1979; Soll et al., 1981 a ; Soll, 1984b) , which causes homogeneous accumulation in G 1 . These cells are then diluted into fresh medium containing zinc at 37 "C in order to reinitiate growth. When growth is reinitiated, the rate of volume growth is roughly half that observed for daughter buds or mycelia. These volume kinetics correlate quite well with the kinetics of protein synthesis (Brummel & Soll, 1982) . During the pre-evagination period, cells synthesize protein at a low but constant rate, and after evagination at a dramatically increased rate (Brummel & Soll, 1982; J. Anderson & D. R. Soll. unpublished observations) . It is not clear why mother cells grow prior to bud formation. Since the final volumes of mother cells at the end of the pre-evagination period are so much larger than the volumes of B1 cells at the time they evaginate to form Bl-1, it is unlikely that mother cells must grow to a volume threshold prior to evagination. It is more likely that stationary phase cells must synthesize a set of preparatory molecules for evagination (Brummel and Soll, 1982 ; R. Finney, C. Langtimm & D. R. Soll, unpublished observations) and that this synthesis is accomplished only within the framework of a general stimulation of protein synthesis and volume growth.
Continuous video analysis of single budding clones has allowed us to assess both evagination timing and the periods of growth for successive buds on the mother cell (Bl, B2, B3) and for a single cell lineage (M, B1, Bl-1). Several observations are noteworthy. The first evagination, B1, grows for an average period of 73 min; it stops growing at roughly the same time that B2 emerges from the mother cell. During the major portion of B1 expansion, it remains a syncytium with the mother cell. Therefore, it is likely that termination of the syncytium by septation may cue B2 emergence, and that the mother cell in essence grows continuously through expansion of successive daughter cells. In contrast, an interim of roughly 23 min follows the cessation of B1 growth and precedes B1-1 evagination. This interim may either be specific to the first bud formed on a virgin cell (note that the original stationary phase cell population is heterogeneous for cell age, containing cells ranging from virgins to cells with large numbers of birth scars), or it may be normal for all cells but those released from stationary phase. Experiments to distinguish between these alternatives are now in progress.
We have found, as have others (e.g. Soll et al., 1981 b; Gow & Gooday, 1982) , that mycelia elongate at a constant rather than exponential rate. Gow & Gooday (1 982) measured the average rate of mycelial elongation on serum agar to be roughly 0.3 pm min-for early mycelial growth; we have obtained a rate of 0.16 pm min-' for early mycelial elongation in perfused, defined medium. The difference may be due to either the different growth histories of the cells or to the composition of the supporting media.
Perhaps the most surprising finding in the present study is the degree of similarity in the rates of volume growth for the initial ellipsoidal bud B1 at low pH and the elongating mycelium at high pH. The former grows at an average rate of 0.36 pm3 min-and the latter at an average rate of 0.37 pm3 minl . This is an interesting finding since the average surface area of B1, with an average volume of 26 pm3, is roughly 48 pm2; in contrast, the average surface area of a mycelium with the same volume of 26 pm3 is roughly 65 pm2, a difference of 27%. Therefore, in order to accommodate a difference in surface area when volume growth rates are similar, mycelium-forming cells must either deposit 27% more wall material in the same amount of time as budding cells, or the wall of the newly forming mycelium must be composed of roughly 27% less material, assuming that the wall material is similar in composition. These interesting alternatives are now being tested.
